Abstract. High mobility group box protein 1 (HMGB1), transcriptional activity regulatory protein is associated with most cancers including prostate cancer. To investigate the effects of down-regulation of HMGB1 expression, we have transfected LNCaP cells with four short hairpin RNA (shRNA) targeting HMGB1 plasmid vectors. Transfection with the four shRNAs efficiently and specifically reduced the HMGB1 expression in LNCaP cells. The gene silencing effects on HMGB1 expression were subsequently confirmed by RT-PCR and immunoblotting analyses. Down-regulation of HMGB1 expression resulted in the inhibition of cell growth in LNCaP prostate cancer cells and the decreased cell number was due to transfected cells undergoing apoptosis via caspase-3-dependent pathways. These findings suggest that HMGB1 is critical for the survival of prostate cancer cells and targeted knockdown of HMGB1 mRNA can be used as a strategy to kill prostate cancer cells. Our findings may have some potential therapeutic relevance for treating prostate cancer.
Introduction
High mobility group box protein 1 (HMGB1) is a nuclear protein present in all mammals and conserved among the species. One of the primary functions of this protein is to bind and stabilize nucleosomes. In addition, HMGB1 also acts as transcriptional regulatory protein. HMGB1 is secreted by monocytes, myeloid/plasmacytoid dendritic cells, macrophages and natural killer cells in response to injury, infection, or other inflammatory stimuli by non-classical pathway (1) . During non-programmed cell death, HMGB1 is released into the extracellular medium; whereas, when cells undergo programmed cell death HMGB1 is not released, rather it binds irreversibly with chromatin (2) . Extracellularly released HMGB1 can stimulate the secretion of proinflammatory cytokines from endothelial cells, monocytes and macrophages leading to inflammatory responses in the tissue (3, 4) . Variations in HMGB1 levels are shown to be associated with several disease conditions including arthritis (5), sepsis (6), Alzheimer's disease (7), ischemia-reperfusion injury (8) and cancer (9) .
A higher level of HMGB1 expression is found in immature cells, migrating growth cones, and edges of migrating malignant cells. Hence HMGB1 is believed to play an important role in cell motility, cell invasion, tumor growth and metastasis (10) . Interestingly, HMGB1 is highly poly (ADP) ribosylated and acetylated in Guerin ascites tumor cells (11) and higher levels of HMGB1 appear to be linked with melanoma, colon, breast, pancreatic and prostate cancers (12) (13) (14) (15) (16) . In colon cancer cells, HMGB1 is highly expressed and acts as an antiapoptotic oncoprotein (17) . Abundant expression of HMGB1 and its receptor RAGE in cancerous colon cells increases cell migration and invasion (12) . Similarly, over-expression of HMGB1 is also shown to be associated with malignant cell transformation in melanoma (16) . Interestingly, the expression of HMGB1 is significantly increased in untreated primary and hormone-refractory prostate cancer tissues compared to normal prostate tissues (17) . A recent study showed that the HMGB1 and its receptor RAGE are highly expressed in the prostate cancer cell lines (13) . Enhanced interaction of HMGB1 with RAGE activates cell invasion properties in PC-3 cancer cells (17) . Since HMGB1 is over-expressed in nearly all types of cancer cells including prostate cancer cells; it is possible that HMGB1 has an important role in cancer development and metastasis (18) .
Cancer is a disorder associated with modification of genes that block apoptotic pathways, thereby causing abnormal expression of genes. Adjuvant, therapeutic or neoadjuvant strategies are used to enhance apoptosis in cancer cells (19) . Several HMGB1 targeted therapeutic strategies have been suggested including the use of sRAGE, antibodies to HMGB1, antibodies to RAGE, and/or use of A-box of HMGB1 as an inhibitory molecule (9) . Down-regulation of over-expressed anti-apoptotic proteins by RNA interference (RNAi) is a promising tool to prevent tumor growth (20, 21) . Vectors capable of synthesis of short hairpin RNAs (shRNAs) that are processed to form small interfering RNAs (siRNAs), enable persistent suppression of endogenous gene expression (22, 23) . Interestingly, a previous study showed the potential of a chemically synthesized antisense oligonucleotides targeting HMGB1 expression can significantly inhibit cell growth, migration and invasion of colon cancer cells (12) . Another study conducted by the same group (13) demonstrated that HMGB1 synthetic antisense oligonucleotides efficiently decreased the invasive potential of PC-3, an androgen independent metastatic prostate cancer cell line. However, the gene silencing effects of HMGB1 RNAi on the cell growth and apoptosis are not known yet in prostate cancer cells. Therefore, in the present study, we investigated the anti-cancer potential of a plasmid based shRNA targeting the HMGB1 expression in androgen dependent LNCaP prostate cancer cells.
Materials and methods
shRNA plasmids. shRNA plasmids that are specific for human HMGB1 (Genbank accession # NM_002128) and a negative control shRNA plasmid were purchased from SuperArray (Frederick, MD). Four ShRNA target sequences of HMGB1 [HMGB1-1 (ShRNAH1), HMGB1-2 (ShRNAH2), HMGB1-3 (ShRNAH3) and HMGB1-4 (ShRNAH4)] were used in this study. Target sequences of HMGB1 selected in this study are given in Table I . Plasmids were maintained in E. coli Top10 bacteria (Invitrogen, Carlsbad, CA). For transfection studies, plasmids were extracted and purified using EndoFree plasmid maxi kit (Qiagen, Valencia, CA).
Cell culture and plasmid transfection. Human prostate cancer cell line LNCaP and RWPE-1 (normal prostate epithelial cells) were procured from American Type Cell Culture Collection (Manassas, VA). RWPE-1 cells were grown in Keratinocyte serum free medium (K-SFM) (Invitrogen) supplemented with bovine pituitary extract (0.05 mg/ml) and epidermal growth factor (5 ng/ml) in 5% CO 2 atmosphere at 37˚C. LNCaP cells were cultured in RPMI-1640 medium with 10% fetal bovine serum (FBS). Cells/ml (1x10 5 ) were plated in either 6-or 96-well tissue culture plates with RPMI-1640 medium containing 10% FBS. The cells were incubated in 5% CO 2 at 37˚C and allowed to reach >90% confluency. Cells were then transfected with a mixture of plasmid DNA and lipofectamine 2000 (Invitrogen) in Opti-MEM I medium without serum as recommended by the manufacturer. The medium was then replaced by standard RPMI medium (containing 10% FBS and gentamicin antibiotic) after 24 h post-transfection.
RNA isolation and RT-PCR.
Total RNA was extracted using TRIzol reagent (Gibco-BRL, Life Technologies), as per the manufacturer's instructions. Total RNA was quantified using spectrophotometry at 260 nm, and the quality of the RNA was determined by the ratio of optical density at 260 nm to that at 280 nm. Ratios >1.8 were considered acceptable. The first-strand cDNA was synthesized using High Capacity RNAto-cDNA Kit (Applied Biosystems, Foster City, CA). Human ß-actin gene was used as an internal control for analysis of HMGB1 mRNA expression. The PCR cycling conditions included pre-incubation for 5 min at 94˚C followed by 30 cycles each of denaturation for 30 sec at 94˚C, annealing for 30 sec at 50˚C, extension for 30 sec at 72˚C and a final extension for 10 min at 72˚C. PCR products were resolved and analyzed on 1% agarose gels containing 0.5% ethidium bromide.
Immunoblot analysis. For Western blot analysis, LNCaP cells were cultured in 6-well plates for 24 h. Following incubation, cells were transfected with plasmids and scraped into 200 μl of lysis buffer (24) . Cellular debris was removed by centrifugation at 13,000 x g for 15 min at 4˚C and protein concentrations in the cell lysates were determined by BCA protein assay (ThermoFisher, Rockford, IL). Cell extracts were then subjected to SDS-PAGE analysis. After electrophoresis, gels were electroblotted and membranes were incubated with primary antibody (mouse anti-HMGB1 or mouse anti-ß-actin) diluted in PBS at 4˚C overnight. After washing, peroxidaseconjugated secondary antibody (ThermoFisher) was added and incubated further for 1 h at room temperature. Finally, the color was detected using an Immuno pure metal Enhanced DAB substrate (ThermoFisher).
Cell proliferation by CCK-8 assay.
Cell viability was determined using a Cell Counting Kit (CCK)-8 assay (Dojindo Molecular Technologies Inc., Gaithersburg, MD). To quantify cell proliferation, cells were seeded into a 96-well plate at a concentration of 1x10 5 cells/ml and cultured for 24 h. HMGB1 ShRNA plasmid constructs (ShRNA1-4) were then tranfected as described above and further cultured for 72 h. After 72 h of transfection, 10 μl of CCK-8 solution was added to each well, and the plates were incubated for 4 h at 37˚C. Color developed was read immediately at 450 nm using a microplate reader (Bio-Rad, Richmond, CA).
Assessment of apoptosis in LNCaP cells by Annexin V-FITC/ propidium iodide (PI) double-staining.
Cells were cultured in 8-well BD Falcon tissue culture slides at a concentration of 3x10 5 cells/well and transfected with vector constructs after culturing for 24 h. After 72 h of transfection, Annexin V-FITC and PI staining was performed using an apoptosis detection Kit (MBL, Woburn, MA). Both floating and attached cells were collected and washed twice with ice-cold PBS. Subsequently, cells were resuspended in 500 μl of 1X binding buffer, 5 μl Annexin V and 5 μl of PI were added according to the manufacturer's instructions and incubated for 5 min at Table I . Plasmids and target sequences.
37˚C in the dark. Apoptotic and necrotic cells were visualized by florescent microscopy.
Caspase activity assay. Caspase-3 activity was measured using a caspase colorimetric assay kit (R&D Systems, Minneapolis, MN). After 72 h post-transfection with ShRNA constructs, cells were washed with ice-cold PBS and assayed for caspase-3 activity. Briefly, caspase-3 colorimetric substrate DEVD-pNA was added to the cell lysate and assays were performed in a 100 μl volume in 96-well flat-bottomed plates. Chromophore p-nitroanilide is released as a result of cleavage of substrates by casapse activity and is quantified spectrophotometrically at 405 nm wavelength using a microplate reader. Caspase enzymatic activity in the cell lysate is directly proportional to the chromophore formation. Data were corrected for background (no substrate or no cell lysate) and expressed with reference to the control values (no apoptosis induction).
Statistics. Data were compared using Mann-Whitney rank sum test using SigmaStat program (Jandel Scientific, San Rafel, CA). P<0.05 was considered statistically significant.
Results

Expression of HMGB1 in LNCaP and RWPE-1 cells.
Expression of HMGB1 in LNCaP and RWPE-1 cells were determined by RT-PCR. Results (Fig. 1) showed that HMGB1 is highly expressed in LNCaP prostate cancer cells compared to RWPE-1 normal prostate epithelial cells.
Effects of silencing HMGB1 mRNA in LNCaP cells. The gene silencing effect mediated by HMGB1 specific shRNAs in LNCaP cells were first confirmed by RT-PCR. Seventytwo hours after transfection of cells with HMGB1 shRNAs, HMGB1 transcript and HMGB1 protein levels were reduced in transfected cells. This HMGB1 gene silencing effect was reproducible and was specific in that it failed to knock down the expression of an unrelated protein, ß-actin. All four HMGB1 shRNAs tested in this study were able to reduce the HMGB1 expression in LNCaP cells compared with that of vector control and/or mock transfectants. Although all four HMGB1 ShRNA constructs were effective, ShRNAH1 and ShRNAH4 were more efficient in reducing the HMGB1 transcript levels than ShRNAH2 and ShRNAH3 ( Fig. 2A) . Western blot analysis (Fig. 2C) Fig. 2B and D) by NIH image software showed that HMGB1 shRNA constructs decreased the expression levels of HMGB1 in LNCaP cells by approximately 1-to 7-fold.
Effects of HMGB1 gene silencing on the viability of LNCaP cells.
Following knock down of HMGB1 gene with shRNA, we also measured the cell viability in tranfected LNCaP cells. These studies showed that knock down of HMGB1 resulted in decreased proliferation and survival of LNCaP cells compared with cells that were transfected with a negative control plasmid (Fig. 3) . Of all the four ShRNA plasmids tested, ShRNAH1 and ShRNAH4 plasmids were more efficient in decreasing cell viability (50-52%) compared to ShRNAH2 and ShHRNAH3 plasmids (63-68%).
Detection of apoptosis by Annexin V-FITC staining.
We then analyzed whether reduction in cell viability was due to cell death and if so whether they are undergoing apoptosis. LNCaP cells transfected with ShRNA and mock transfected were stained with Annexin V-FITC and propidium iodide to distinguish apoptotic cells from cells undergoing necrotic death. Stained cells were visualized under a fluorescence microscope. Results showed that following transfection of LNCap cells with each of the four HMGB1 specific ShRNA constructs resulted in the apoptosis of these cells (Fig. 4) . Apoptosis was undetectable in control non-transfected or mock transfected cells.
Caspase-3 activity assay.
A previous study showed that when HMGB1 expression in mouse zygotes was silenced by RNAi approach, the zygote cells underwent apoptosis and there was increased caspase-3 activity in these cells (25) . To determine whether caspase-3 is activated in HMGB1 ShRNA transfected LNCaP cells, we used a chromogenic caspase-3 assay. Transfection with ShRNA1 and ShRNA4 constructs significantly reduced the viability of LNCaP cells and the cells were undergoing apoptosis as measured by Annexin V staining. Therefore, we used these two transfectants to determine the role of caspase-3 in ShRNA-induced apoptosis in LNCaP cells. Our results show that transfection with ShRNA1 and ShRNA4 induced significant (P<0.05) activation of caspase-3 in LNCaP cells (Fig. 5 ) compared to mock transfected cells.
Discussion
In this study, we describe the potential use of a plasmid based shRNA targeting HMGB1 expression against prostate cancer cells in vitro using LNCaP cell line as a model system. Results from our study showed that HMGB1 is highly expressed in LNCaP cells compared to normal prostate derived epithelial cells (RWPE-1). This finding is in agreement as reported for expression of HMGB1 in other cancers (26) (27) (28) . Several therapeutic strategies have been used to downregulate gene expression in cancer cells. Among these, the RNA interference (RNAi)-based techniques for silencing specific genes, either as synthetic RNA oligonucleotides or as plasmid-encoded shRNAs are more widely used (29) . We tested a similar approach where vectors expressing four different shRNA were used to suppress HMGB1 expression in LNCaP cell line.
HMGB1 is a DNA binding protein and it facilitates the formations of DNA nuclear hormone-nuclear hormone receptor complexes and p53 or p73 transcriptional complexes (30) . HMGB1 also enhances the DNA-binding and transcriptional activity of steroid receptors including androgen, estrogen, progesterone and mineralocorticoid and glucocorticoid receptors, thus HMGB1 may be playing a coregulatory role in steroid receptor-mediated gene transcription in many hormone-dependent cancer cells (31) . Although levels of HMGB1 are increased several fold in many migrating malignant cancer cells (9, 28, 29) , its role in cancer progression and survival are not fully studied. Among the many risk factors, inflammation plays an important role in initiation and progression of prostate cancer (32, 33) . Recently, HMGB1 has been shown to be secreted from prostate cancer cells (13) and its over-expression is associated with prostate cancer development (17) . Outside the cell, HMGB1 acts as a cytokine, promoting angiogenesis and extravascular emigration of inflammatory cells and stem cells, thus initiating inflammation reactions (4, 34) . Therefore, it is conceivable that HMGB1 may be an important mediator in prostate carcinogenesis via inflammation. Secreted HMGB1 from tumor cells also functions as a mitogen in an autocrine manner by binding to receptor for advanced glycation end products (RAGE) receptor (26) . Further it has been shown that coexpression of both HMGB1 and its receptor, RAGE may contribute to tumor progression and metastasis in colon, gastric, glioma and prostate cancer (26) (27) (28) . Disruption of HMGB1-RAGE signaling results in potent anti tumor effects in vivo in mice model (10) suggesting that targeting either HMGB1 or RAGE is an attractive approach for cancer therapeutics. Therefore, we hypothesized that down-regulating the expression of HMGB1 in LNCaP cells by RNAi approach would affect the viability of LNCaP cells. As expected, results from our studies show that this approach could decrease the levels of transcribed mRNA and HMGB1 protein levels in transfected cells leading to decreased cellular viability of LNCaP cells.
Our studies also showed that decrease in cell viability in HMGB1 ShRNA transfected cell is due to induction of apoptosis as evidenced by Annexin V staining. Previous studies suggest that increased HMGB1 expression could protect cells against apoptosis initiated by Bax-or caspases over-expression and against UV-, CD95-, and TRAIL-induced cell death (30) . Similarly, HMGB1 inhibits both p73·/ß-and p53-dependent transactivation from the bax gene promoter in p53-deficient SAOS-2 cells (35) . Furthermore, it has been shown that HMGB1 over-expression is associated with suppression of apoptotic process (30) . Thus, it is possible that knock down of HMGB1 expression in LNCaP cells was responsible for the apoptosis as observed in this current study.
Diverse groups of molecules are involved in the apoptosis pathway. One group of critical mediators implicated in apoptosis belongs to the asparate-specific cysteinyl proteases or caspases. A member of this family, caspase-3 has been identified as being a key mediator of apoptosis in mammalian cells. Caspase-3 is frequently down-regulated or inactivated in cancer cells. General consensus is that chemotherapeutic drugs induce apoptosis in cancer cells by activating caspase-3. Thus, caspase-3 activation appears to be a critical event in cancer cell death. In our studies using LNCaP cells, we found that knocking down of HMGB1 significantly elevated caspase-3 activity. Similar studies have been reported by Figure 5 . Effect of reduction in HMGB1 expression on caspase-3 activation. The LNCaP cells were transfected with shRNAH1, shRNAH4 targeting shRNA and negative control plasmids. After 72 h, protein extracts were analyzed to measure the levels of caspase-3 and values were represented as OD values. Each value is mean ±SD of six independent observations. * P<0.05 compared to negative control plasmid.
Cui et al (25) using mouse zygotes, where silencing of the HMGB1 gene resulted in an increase in the expression of p53 and caspase-3, but not other apoptosis-related genes. Similarly, blocking of caspase activity by CrmA significantly suppressed androgen ablation-induced apoptosis in LNCaP prostate cancer cells (36) . Although the function of HMGB1 in the prostate cancer cell is not known, it is already established that HMGB1 is an androgen receptor co-regulator (31) . Thus, knocking down of HMGB1 in LNCaP cells may have some indirect effect on the androgen receptor-mediated effects as well. Interestingly, one previous study showed that synthetic antisense oligonucleotides of HMGB1 decreased the invasive potential of androgen independent PC-3 cells (13) . Therefore, targeting HMGB1 could be beneficial for treating both androgen-dependent as well as androgen independent prostate cancer.
In conclusion, our results show that targeting HMGB1 mRNA in prostate cancer cells with shRNA specifically silenced the HMGB1 gene resulting in decreased cellular viability. Cells that were manipulated in this way undergo cell death via apoptosis. Analysis of the apoptotic mediators suggests the involvement of caspase-3 pathway in this HMGB1 gene silencing. Thus, silencing HMGB1 gene by shRNA could be a potential therapeutic approach against prostate cancer. Further in vivo studies will shed more light on the usefulness of this HMGB1 gene knock down approach in prostate cancer therapy.
